In a previous study (Shin et al., 2002, J. Biol. Chem. 277, 44417-44430) we reported that phosphorylation of p85 βPIX, a guanine nucleotide exchange factor (GEF) for Rac1/Cdc42, is a signal for translocation of the PIX complex to neuronal growth cones, and is associated with basic fibroblast growth factor (bFGF)-induced neurite outgrowth. However, the issue of whether p85 βPIX phosphorylation affects GEF activity on Rac1/Cdc42 is yet to be explored. Here we show that Rac1 activation occurs in a p85 βPIX phosphorylation-dependent manner. A GST-PBD binding assay reveals that Rac1 is activated in a dose-and time-dependent manner in PC12 cells in response to bFGF. Inhibition of ERK or PAK2, the kinases upstream of p85 βPIX in the bFGF signaling, prevents Rac1 activation, suggesting that phosphorylation of p85 βPIX functions upstream of Rac1 activation.
Summary
In a previous study (Shin et al., 2002 , J. Biol. Chem. 277, 44417-44430) we reported that phosphorylation of p85 βPIX, a guanine nucleotide exchange factor (GEF) for Rac1/Cdc42, is a signal for translocation of the PIX complex to neuronal growth cones, and is associated with basic fibroblast growth factor (bFGF)-induced neurite outgrowth. However, the issue of whether p85 βPIX phosphorylation affects GEF activity on Rac1/Cdc42 is yet to be explored. Here we show that Rac1 activation occurs in a p85 βPIX phosphorylation-dependent manner. A GST-PBD binding assay reveals that Rac1 is activated in a dose-and time-dependent manner in PC12 cells in response to bFGF. Inhibition of ERK or PAK2, the kinases upstream of p85 βPIX in the bFGF signaling, prevents Rac1 activation, suggesting that phosphorylation of p85 βPIX functions upstream of Rac1 activation.
To directly address this issue, transfection studies with wild-type and mutant p85 βPIX (S525A/T526A, a non-phosphorylatable form) were performed. Expression of mutant PIX markedly inhibits both bFGF-and nerve growth factor (NGF)-induced activation of Rac1, indicating that Introduction exclusion test. Briefly, PC12FW cells were induced to differentiate for the indicated times and transfected with plasmids encoding GFP fusion proteins of wild-type or mutant p85 βPIX. Changes in neurite extension or retraction were monitored under a fluorescence microscope for 24 h (from 24 h to 48 h following transfection). Cells were then stained with 0.4% trypan blue (Invitrogen) for 15 min, followed by washing two times with PBS.
Immunoprecipitation and immunoblotting − Cells were washed twice with PBS and lysed in lysis buffer (50 mM HEPES, pH 7.5, 150 mM NaCl, 100 mM NaF, 10% Glycerol, 1% Triton X-100, 200 µM orthovanadate, 1 mM phenylmethylsulfonylfluoride (PMSF), 1 µg/ml aprotinin, 1 µg/ml leupeptin) for 1 h at 4℃. Proteins were immunoprecipitated with an appropriate antibody for 3 h at 4℃. Immunoprecipitates were collected by adding protein G Sepharose, and washed five times with lysis buffer and twice with PBS. Samples were fractionated by SDS-PAGE, and transferred to a PVDF membrane in a Tris-glycine-methanol buffer (25 mM Tris base, 200 mM glycine, 20% methanol). Membranes were blocked with 3% skimmed milk in PBS for 1 h, incubated with primary antibodies for 1 h at room temperature (RT), and washed three times (10 min each) with PBS containing 0.1% Tween-20. Membranes were blotted with secondary horseradish peroxidaseconjugated antibodies for 1 h at RT. After five washes with PBS and 0.1% Tween-20, signals were detected using enhanced chemiluminescence (ECL) reagent (Amersham Biosciences, Piscataway, NJ).
In some cases, membranes were stripped and reprobed with different antibodies.
In vitro binding assay -GST or GST-Rac1 proteins were expressed in E. coli (DH5α) and purified by glutathione-Sepharose affinity chromatography. Equal amounts of GST or GST-Rac1-Sepharose beads were incubated with PC12FW cell lysates or lysates from cells expressing various domains of GFP-p85 βPIX. Beads were washed five times with binding buffer (50 mM HEPES, pH 7.5, 150 mM NaCl, 100 mM NaF, 10% Glycerol, 1% Triton X-100, 5 mM MgCl 2 , 1 mM DTT, 200 µM orthovanadate, 1 mM phenylmethylsulfonylfluoride (PMSF), 1 µg/ml aprotinin, 1 µg/ml leupeptin), resolved on 9% SDS-PAGE and transferred to PVDF membranes. Membranes were immunoblotted with anti-p85 βPIX, GFP or GST antibody.
GST-PBD binding assay -Basic FGF-or NGF-stimulated GEF activity of p85 βPIX was measured using a modified version of Yang's method as described (21) , which we call GST-PBD binding assay.
Briefly, GST-PBD was expressed in E.coli (DH5α) and purified with glutathione-Sepharose affinity chromatography. Cell lysates were immunoprecipitated with anti-PAK2 or anti-GFP antibody.
Immunoprecipitates were then loaded with 100 µM GTPγS at 37℃ for 20 min in exchange buffer (20 mM HEPES, pH 7.5, 50 mM NaCl, 1 mM EDTA, 1 mM DTT) and washed five times with lysis buffer as described above. Immunoprecipitates were further incubated with purified soluble GST-PBD (1 µg) at 4℃ for 2 h in binding buffer (25 mM Tris HCl, pH 7.5, 1 mM DTT, 30 mM MgCl 2 , 40 mM NaCl, 0.5% NP-40) and washed five times with binding buffer. Beads were boiled for 5 min, resolved by 12% SDS-PAGE and transferred to a PVDF membrane. Membranes were immunoblotted with anti-GST antibody and then reprobed with anti-PAK2, GFP, p85 βPIX or Rac1 antibody.
for 30 min in exchange buffer (25 mM Tris HCl, pH 7.5, 0.5 mM DTT, 5 mM EDTA, 10 mM MgCl 2 ).
The reaction mixture was filtered onto 0.2 µm nitrocellulose membrane and washed three times with washing buffer (25 mM Tris HCl, pH 7.5, 100 mM NaCl, 10 mM MgCl 2 ). Counts per minute (CPM) of bound [
35 S]-GTPγS were measured using a liquid scintillation counter.
Statistical analysis -Paired t-test was applied for statistical analysis of neurite retraction assay using
The SAS System for Windows (release 8.01) and the statistical significance was set at p<0.05.
Results
p85 βPIX constitutively binds to Rac1 through its DH domain. To investigate the molecular mechanism by which bFGF stimulates activation of Rac1, we employed a PC12FW model system in which the FGF receptor-1 is overexpressed (11) . It is suggested that βPIX forms a stable ternary complex with activated Cdc42 and PAK3 (22) . X-ray crystallographic analysis of the interaction between purified βPIX and G protein additionally suggested that the DH domain possesses binding capability in addition to catalytic activity on the G protein (16) . To determine whether Rac1 binds to p85 βPIX in a complex cellular context, we employed immobilized GST or GST-Rac1 bound to glutathione-Sepharose beads as bait to precipitate endogenous p85 βPIX (Fig. 1A) . No specific binding was observed between immobilized GST and p85 βPIX (Fig. 1A, lanes 1 and 2) . However, GST-Rac1 strongly bound to p85 βPIX irrespective of bFGF stimulation (lanes 3 and 4). To further delineate the region of p85 βPIX responsible for Rac1 binding, cells were transfected with plasmids encoding the various domains of p85 βPIX (Fig. 1C) , and lysates were affinity-precipitated with immobilized GST or GST-Rac1 (Fig. 1B) . The various domains of p85 βPIX were expressed at similar levels (middle). In the control lanes GST did not precipitate DH-PH and SH3 domains (lanes 1 and 2, top). In contrast, GST-Rac1 specifically interacted with full-length p85 βPIX, DH and DH-PH domains (lanes 3, 5 and 7), but not with SH3 and PH domains (lanes 4 and 6). GBD and LZ domains did not bind GST-Rac1 (not shown). The data confirm that the DH domain of p85 βPIX is sufficient for Rac1 binding. Moreover, the interactions between p85 βPIX and Rac1 are constitutive.
Basic FGF stimulates activation of Rac1 in a dose-and time-dependent manner. Upon stimulation by agonists, Rho GTPases are converted to active GTP-bound forms, which specifically bind to and activate downstream effectors, such as PAK and Rho kinase (22) . Therefore, the binding site of PAK, p21-binding domain (PBD), has been expressed as a fusion protein of glutathione Stransferase (GST) and been employed to determine the in vivo activity of Rac1 (21, 23) . In this conventional GST-PBD pull-down assay GST-PBD is immobilized to glutathione-Sepharose beads and used to precipitate active Rac1. Here to specifically monitor Rac1 activation in the PIX complex, we made a slight modification of the conventional GST-PBD pull-down assay by using soluble GST-PBD instead of immobilized one. The principle of this assay, which we call GST-PBD binding assay, is depicted in Fig. 2A . Because the p85 βPIX protein forms a complex with PAK2 (9, 11) and Rac1
( Fig. 1) , we first retrieved this complex by precipitation with anti-PAK2 antibody. This pre-clearance step seemed to eliminate background interfering proteins in the lysate, which results in enhancement of a signal-to-noise ratio. We next incubated the immunoprecipitate with soluble GST-PBD and detected GST-PBD bound to active Rac1 by immunoblotting with anti-GST antibody. PC12FW cells were starved and stimulated with the indicated concentrations of bFGF for 1 h (Fig. 2B ). Lysates were immunoprecipitated with anti-PAK2 antibody to retrieve the PIX complex, and activated GTP-bound Rac1 in this complex was determined using soluble GST-PBD as described above. Activated Rac1, evaluated by the accumulation of GST-PBD over the untreated control, is initially observed at 5 ng/ml bFGF. Rac1 activity increases in proportion to bFGF concentrations up to 30 ng/ml. To monitor a time-course of Rac1 activation, cells were stimulated with bFGF (10 ng/ml) for the indicated times (Fig. 2C) . After bFGF stimulation, Rac1 activation is apparent at 30 min and reaches a peak at 1 h, followed by a gradual decrease. However, the activity maintains at relatively higher levels, even at 4
h. These results indicate that Rac1 is activated by bFGF in a dose-and time-dependent manner.
ERK and PAK2 function upstream of bFGF-induced Rac1 activation. Specific G proteins are activated via the phosphorylation of GEF (9-10). We speculated that bFGF-induced phosphorylation of p85 βPIX might also operate for Rac1 activation. In a previous study, we showed that ERK and PAK2 are the upstream kinases for p85 βPIX phosphorylation (11) . Accordingly, we examined whether these two kinases act as upstream regulators in bFGF-induced Rac1 activation. For this purpose, we used PD98059, a specific inhibitor of MEK, or a plasmid encoding a PAK-inhibitory domain (PID) (11) to block PAK2 activity. Cells were starved and treated with bFGF for 1 h. Lysates were processed as in Fig. 2 . Basic FGF induced a ~ four-fold increase in Rac1 activity ( . These results strongly suggest that ERK/PAK2-mediated phosphorylation of p85 βPIX is closely associated with Rac1 activation. It is well established that PAK2 interacts with p85 βPIX, and that two residues of PAK2, specifically, proline 185 and arginine 186, are critical in this association (9, 11) . To further determine whether PAK2 and p85 βPIX are involved in bFGF-induced Rac1 activation, we employed a PAK2 mutant (PAK2-P185A/R186A) that does not bind p85 βPIX. Cells were transfected with a plasmid encoding GFP-wild-type or GFP-mutant PAK2 and stimulated with bFGF.
In cells expressing wild-type PAK2, bFGF induced strong Rac1 activation, as expected (Fig. 3B, lane 2). However, in cells expressing mutant PAK2, no significant Rac1 activation was observed (lanes 3 and 4), supporting the theory that PAK2-mediated phosphorylation of p85 βPIX regulates Rac1 activity.
Phosphorylation of p85 βPIX mediates bFGF-induced Rac1 activation. The above data (Fig. 3) , although indirect, strongly suggest that p85 βPIX phosphorylation functions upstream of Rac1 activation. This theory was directly investigated using a non-phosphorylatable form of p85 βPIX.
Serine 525 and threonine 526 of p85 βPIX have been identified as major phosphorylation sites following bFGF stimulation (11) . Replacement of these two residues with alanine abolished the biological activities of p85 βPIX, such as translocation of the PIX complex and neurite outgrowth.
We hypothesized that mutant p85 βPIX (S525A/T526A) is not capable of mediating bFGF-induced Rac1 activation. To determine whether this is the case, we employed two different assays to detect Rac1 activation, specifically, GST-PBD binding and GDP/GTP exchange assays. Cells were transfected with a plasmid encoding wild-type or mutant p85 βPIX, and stimulated with bFGF for 1 h.
transfection with wild-type or mutant PIX, no significant changes in GEF activity on GST were detectible. Basic FGF induced a 1.8-fold increase in GDP/GTP exchange activity on Rac1 in cells expressing wild-type p85 βPIX. In constrast, non-phosphorylatable PIX mutant blocked bFGFinduced increase in the exchange activity. These results collectively indicate that phosphorylation of p85 βPIX regulates Rac1 activity in the bFGF signaling.
NGF also stimulates Rac1 activation in a p85 βPIX phosphorylation-dependent manner. NGF induces differentiation of PC12 cells through persistent ERK activation (24) . Since we showed that p85 βPIX phosphorylation is mediated via the Ras/ERK cascade in the bFGF signaling (11), we reasoned that NGF treatment should result in phosphorylation of p85 βPIX. We thus tested whether NGF also induces phosphorylation of p85 βPIX, and whether this phosphorylation is dependent on ERK activation. Cells were pretreated with increasing concentrations of U0126, a specific inhibitor of both MEK1 and MEK2, prior to stimulation with NGF (100 ng/ml). NGF induced strong activation of ERK ( . These results suggest that NGF-induced Rac1 activation is also p85 βPIX phosphorylation dependent, lending further support to our proposal that p85 βPIX phosphorylation is indeed a mechanism of Rac1 activation.
p85 βPIX-mediated Rac1 activation is not necessary for translocation of the p85 βPIX complex.
Previously we showed that bFGF-induced translocation of the PAK2-p85 βPIX-p95PKL complex requires phosphorylation of p85 βPIX (11). Since p85 βPIX phosphorylation mediates Rac1 activation, it is interesting to determine whether Rac1 activity is involved in targeting of this complex.
We thus examined whether Rac1 co-precipitates with mutant p85 βPIX (L238R/L239S) that does not exhibit guanine nucleotide exchange activity. PC12FW cells were transfected with a plasmid encoding either wild-type or mutant PIX, and lysates were precipitated with immobilized GST (control) or GST-Rac1 (Fig. 6A) . No specific binding occurred between GST and p85 βPIX (lanes 1 and 2). Both wild-type and mutant PIX specifically bound to GST-Rac1, indicating that mutation of two leucine residues (L238 and L239) in the DH domain that abolishes GEF activity does not affect interactions between p85 βPIX and Rac1. Based on this constitutive nature of the binding between p85 βPIX and Rac1 ( Fig. 1 and Fig. 6A ), we hypothesized that Rac1 may move as a component of the mutant p85 βPIX (L238R/L239S) complex similar to wild-type p85 βPIX in response to bFGF. To test this idea, we determined whether mutant PIX targets the similar sites where wild-type p85 βPIX localizes. Cells were stimulated to differentiate with bFGF, and transfected with a plasmid encoding either GFP-wild-type or GFP-mutant p85 βPIX. Localization of the complex was visualized with laser confocal microscopy ( Fig. 6B ). In the absence of bFGF, no significant translocation of the PIX complex was observed in either wild-type or mutant PIX-expressing cells (a-c and g-i). To determine the changes in actin cytoskeleton remodeling in response to bFGF, cells were stained with phalloidin.
Actin was distributed diffusely in the cytoplasm in the absence of bFGF (b and h). When cells were treated with bFGF, actin was specifically concentrated at growth cones (e and k), indicating that actin dynamics is tightly regulated, concomitant with formation of growth cones. Wild-type p85 βPIX was targeted to bFGF-induced actin structures (lamellipodia at growth cones) (d-f). Interestingly, mutant p85 βPIX protein was also observed in areas where actin staining was apparent, although not as concentrated as wild-type protein (j-l). These results suggest that translocation of the PIX complex may occur independently of Rac1 activation. We further examined the localization of Rac1 and p85 βPIX using laser confocal microscopy ( Fig. 6C ). In the absence of bFGF stimulation, diffuse fluorescence of p85 βPIX (green) and Rac1 (red) was observed in the cytoplasm (a-c). Consistent with this finding, no growth cone-like structures were detected in these cells. In contrast, treatment of cells with bFGF resulted in specific concentration of both p85 βPIX and Rac1 at the growth cones (di). It is evident from the merged pictures of Rac1 and wild-type (f), and Rac1 and mutant p85 βPIX (i) that the proteins target the similar areas at growth cones (arrowheads). To determine whether NGF also induces similar responses, the above experiments were conducted except that bFGF was replaced by NGF. Basically NGF-induced responses were analogous to those as seen with bFGF (data not shown). These results confirm that Rac1 in conjunction with either wild-type or mutant p85 βPIX that does not possess GEF activity moves as a unit, supporting the conclusion that p85 βPIX-mediated Rac1 activation is not involved in translocation of the PIX complex.
The role of bFGF-induced Rac1 activation remains to be determined. The time-course of Rac1 activation reveals that the process begins at least at 30 min following bFGF stimulation (Fig. 2C) .
Moreover, Rac1 co-localizes with p85 βPIX. Based on these findings, we speculate that Rac1 is initially translocated, not as an active participant, but as a passive passenger, to the sites where its activation occurs, and then exerts its effect on actin remodeling. Since at the fixed time-points we observed translocation of the p85 βPIX complex per se in Fig. 6B and 6C, the data may not represent the functional consequence of the PIX regulated-Rac1 activity. We therefore traced the fate of neurites expressing either wild-type or mutant p85 βPIX over a longer period (until 48 h) following transfection (Fig. 7) . Cells expressing GFP fusion proteins of either wild-type or mutant p85 βPIX were identified using fluorescence microscopy ( Fig. 7A , a-c and g-i) and neurite retraction was monitored for 2 days by phase-contrast microscopy ( Fig. 7A, d -f and j-l). Although the intensity of fluorescence faded with time, target cells were easily detected using additional information on the spatial arrangement of surrounding untransfected cells. In this experiment we use an irrelevant control, glutathione S-transferase (GST). The reason we selected GST as a control is that GST has been widely used as a fusion partner for expression of foreign proteins in the mammalian system. The neurites of cells expressing GFP-GST showed a little retraction to 82.7 ± 6.3% (n = 54) of their initial length at 48 h (Fig. 7B ). This may reflect the effect of GFP or GST. Otherwise, this may be due to innate tendency to retract in cells bearing already extended neurites. Neurite extension was observed in some cells expressing wild-type p85 βPIX (Fig. 7A, d-f ), but varied depending on the expression levels. At least no significant shortening of established neurites occurred due to expression of wildtype p85 βPIX, which showed 96.6 ± 7.8% (n = 59) at 48 h compared with their initial length (Fig.   7B ). This is consistent with a previous result that showed a promoting effect on neurite extension of p85 βPIX during differentiation of PC12 cells (11) . In contrast, cells expressing mutant (GEFnegative) p85 βPIX consistently exhibited neurite retraction, which resulted in 83.7 ± 6.7% and 52.9 
Discussion
In the present study, we show for the first time that bFGF-and NGF-induced phosphorylation of p85 βPIX mediates activation of Rac1. Firstly, the time-course of Rac1 activation correlates with that of p85 βPIX phosphorylation. Both Rac1 activation, as determined by GTP-bound forms of Rac1 (Fig. 2), and p85 βPIX phosphorylation (11) is blocked upon inhibition of either ERK or PAK2 (Fig. 3) , the upstream kinases for p85 βPIX phosphorylation in the bFGF signaling pathway (11) , suggesting that these enzymes also function Activation of these GEFs is mostly achieved via direct binding of phosphatidyl inositol-3, 4, 5-phosphate (PIP 3 ), the product of PI3-K, to the PH domain or indirectly by phosphorylation (for instance, tyrosine phosphorylation of Vav increases GEF activity) (33). We previously showed that bFGF stimulates phosphorylation of p85 βPIX via the Ras->MEK->ERK->PAK2 pathway (11) .
Based on the above data and the present finding that phosphorylation of p85 βPIX is an activation mechanism for GEF activity, we propose a novel signaling pathway in which Ras cross-talks with . Surprisingly, Rac-GEF activity is mediated through the Dock 180-ELMO complex, which has no obvious catalytic domain analogous to the conventional DH domain (50). Rac1 and Cdc42 promote neurite outgrowth through formation of lamellipodia and filopodia at growth cones of the extending neurite tips. Our study shows that mutant p85 βPIX without GEF activity also translocates to the site where wild-type p85 βPIX is localized (Fig. 6 ). During the monitoring period of 48 h, however, the mutant-transfected cells exhibit neurite retraction, while expression of wild-type p85 βPIX prevents neurites from retraction ( Fig. 7) . These results suggest that translocation of the complex containing Rac1 may occur independent of or precede Rac1 activation. In this scenario, we can envisage the opposite roles of wild-type p85 βPIX and mutant p85 βPIX following translocation, i.e. mutant p85 βPIX induces neurite retraction by inhibiting endogenous PIX activity at growth cones. This is consistent with the finding that dissociation of GDI and membrane translocation of Rac-GDP is a prerequisite for the efficient activation of Rac by DH-PH of Tiam1 GEF (51). We thus propose a dual role for p85 βPIX phosphorylation in promoting neurite outgrowth. Phosphorylation of p85 βPIX induces conformational changes in the p85 βPIX complex, which in turn somehow activate the translocation process (11) . On the other hand, phosphorylation of p85 βPIX mediates Rac1 activation, which results in the regulation of actin cytoskeletal reorganization to form growth cones for neurite extension.
In conclusion, we provide evidence that phosphorylation of p85 βPIX functions as an upstream signal of Rac1 activation. However, this activation does not mediate translocation of the PIX complex.
Further studies on the events subsequent to p85 βPIX phosphorylation should elucidate the molecular mechanisms by which GEF activity of p85 βPIX is up-regulated and the PIX complex is targeted to its proper subcellular location in relation to bFGF and NGF-induced neurite outgrowth. and stimulated with 100 ng/ml NGF for 1 h. Lyasates were immunoprecipitated with anti-GFP antibody. GST-PBD binding assay was conducted as described in Fig. 2 . Expression as GFP fusion proteins of wild-type or mutant p85 βPIX was evaluated by probing with anti-GFP antibody (top).
Representative data from two independent experiments are shown here. 
